The leaching reaction kinetics of weathered crust elution-deposited rare earth with mixed ammonium salts was studied. The inuence of concentration of reagents and particle size of ore on leaching rate was investigated. The results showed that the diusion process and leaching rate could be improved by increasing reagents concentration and decreasing leaching owing rate and particle size. The leaching process could be explained with the shrinking core model, which could be controlled by the diusion rate of reacting reagents in porous solid layer. The leaching rate obeyed the equation as 1 − 2/3η − (1 − η) 2/3 = 7.126 × 10 −4 C 0.3038 R 0.1942 t.
Introduction
Weathered crust elution-deposited rare earth ore is China's unique rare earth mineral resource [13] . There are many advantages for ore which has widespread distribution rich reserves, low radioactivity, rich in middle and heavy rare earth, easily extracted rare earth, simple processing for leaching and a high quality of products, etc. The development and utilization of the ore in the world has signicant inuence, especially rare earth mineral resources were paid attention in our country these years. Therefore, high eciency and comprehensive exploitation of weathered crust elution-deposited rare earth ore were intensively investigated over the past decade.
Leaching of the rare earth ore is liquid-solid multiphase reaction process, the most common reaction model has two kinds of integral scaled model and shrinking--core model. Mixed ammonium salts solution as leaching agent, the particle size of ore has little changed before and after leaching reaction, therefore, leaching process of rare earth ore is a common shrinking-core model. Leaching rate is connected with concentration, temperature, surface area of solid phase, etc. The leaching process can be controlled by outer diusion, inner diusion, chemical reaction [4, 5] . The inuence of concentration of reagents, particle size of ore on the leaching rate were investigated to achieve the aim of high RE concentration, low consumption of leaching reagent and high leaching rate. Prior to the leaching experiments, the ore sample was sieved into + 20 mesh, 2060 mesh, 60100 mesh, 100140 mesh, +140 mesh ve natural grain grades. And then, synthetic ore samples according to proportion of the natural grain grades, which were weighed into glass ask. Leaching agent taking a certain liquid-solid ratio and the ow velocity drops rare earth ore into consideration, then continuous leaching and collected leaching solution respectively. The RE 3+ concentration was determined by EDTA titration method [6] , measuring the volume of leaching reagent. The leaching process was evaluated by the RE leaching rate, which was calculated according to the following formula:
where ε and ε 0 are the amount of leaching-out RE 3+ and the total RE 3+ content of sample ore, respectively.
Leaching mechanism of rare earth
The leaching process of the weathered crust elution--deposited rare earth ore is a kind of ion-exchange between the positive ions in the solution and the clay minerals [7, 8] . The chemical reaction equation is as follows:
The weathered crust elution-deposited rare earth ore is composed of ore particles, the leaching process of ore is a typical liquid-solid heterogeneous reaction. The leaching process can be described by the shrinking-core model and subdivided into ve steps as follows [9] :
• Diusion of leaching reagent (NH + 4 ) through the (66) lm surrounding the particle to the surface of the clay minerals (outer diusion);
• Penetration and diusion of NH + 4 to the surface of the un-reacted core (inner diusion);
• Reaction of RE 3+ with NH + 4 (chemical reaction);
• Diusion of the RE 3+ exchanged through the remainder back to the exterior surface of the clay minerals (inner diusion);
• Diusion of the RE 3+ exchanged through the exterior surface back into the solution of uid (outer diusion).
The kinetic control model of RE leaching process can be divided into four models [10, 11] :
2. Diusion through liquid lm control:
3. Diusion through porous ore matrix control:
where k 1 , k 2 , k 3 are constants for dierent control steps, respectively. a, t, C 0 , r 0 , p and M represent the rare earth leaching rate, leaching time, initial concentration of leaching reagent, initial radius of the ore particle, mole density of the ore particle and mass of the ore particle, respectively.
Results and discussion
According to the optimum process of mixed ammonium salts leaching rare earth ore experiment showed that the leaching rate of rare earth ore can reach up to 94.05% when 2.0% NH 4 NO 3 and (NH 4 ) 2 SO 4 quality ratio of 7:3, solidliquid ratio of 0.5:1, ow rate of 0.5 mL/min. The rare earth leaching dynamics was researched on the basis of this process to nd out the inuence factors of leaching rate and control steps.
Eect of leaching reagent concentration
The initial average particle size of 0.2414 mm rare earth ore was leached by dierent concentration of mixed ammonium salts under the condition of NH 4 NO 3 and (NH 4 ) 2 SO 4 quality ratio of 7:3, solidliquid ratio of 0.5:1, ow rate of 0.5 mL/min. The inuence of dierent concentration of reagents on the leaching rate was investigated. According to the reaction system, the reaction rate is proportional to the concentration of the product, increasing the leaching agent concentration is conductive to the improvement of the leaching reaction rate, thereby increasing the rare earth leaching rate. Fig. 1 . Eect of concentration of reagents on rare earth leaching rate. Figure 1 shows that the leaching rate of rare earth increases with initial concentration of ammonium salt increases, if the leaching agent concentration of 2.0% in 275 min rare earth leaching rate is 92.79%, with the mass fraction of leaching agent increases, the unit volume of ammonium nitrate leaching agent rate increases, leading to the main leaching agent in a large number of Al 3+ impurities leaching, some will cover the surface of the rare earth ore, hinder RE 3+ leaching. Fig. 2 . Leaching kinetic data in dierent concentration of rare earth.
The date of rare earth leaching rate were substituted into the shrinking-core model in Fig. 2 . When the mass fraction of leaching agent is greater than or equal to 2%, satises the equation 1 − 2/3η − (1 − η) 2/3 = kt. Indicating that the leaching process step of rare earth ore is inner diusion controlled, there can be used model equation
where η rare earth leaching rate [%], C concentration of leaching reagent [g/L], R initial radius of the ore particle [mm], t leaching time [min] . This equa-tion reects the inuence of leaching concentration and particle size of rare earth on the leaching rate. Figure 2 shows dierent concentrations of NH 4 NO 3 and (NH 4 ) 2 SO 4 compound of rare earth leaching agent the apparent rate constant k value, assuming t had the apparent rate constant and is proportional to the power function of the concentration of leaching agent, that ln k = B + a ln C, least squares linear t with slope requirements. Figure 3 shows a linear relationship between ln k and ln C, and the apparent reaction order is 0.3038, so a = 0.3038. Fig. 3 . Relation of ln C and ln k.
Eect of ore particle size
Rare earth ore of the dierent particle size was leached by mixed ammonium salts under the condition of 2% NH 4 NO 3 and (NH 4 ) 2 SO 4 quality ratio of 7:3, solidliquid ratio of 0.5:1, ow rate of 0.5 mL/min. The inuence of dierent particle size on the leaching rate was investigated. Fig. 4 . Eect of particle size on rare earth leaching rate. Figure 4 presents the eect of particle size on the rare earth leaching. It shows that the rare earth leaching rate of ore particles with a smaller size is greater, as shown in Fig. 5 . It is known that the smaller the particle size, the more pore, at the same time shorten the length of pore, thereby reducing the resistance of inner diusion and shorten spread time to the eect of speeding up the rare earth leaching. The leaching process could be explained with the shrinking core model according to ore particle size experiment. Fig. 5 . Leaching kinetic data of rare earth in dierent particle size. As shown in Fig. 6 , a good linearity exists between ln k d and ln R, the leaching process could be controlled by the diusion rate of reacting reagents in porous solid layer furthermore, ln k d = 6.4483 + 0.1942 ln R, so b = 0.1942.
a and b were presented in the equation of 1 − 2/3η − (1 − η) 2/3 = k C a R b t, changing one factor, xing others at the same time, so k is 7.126 × 10 −4 . Thereby the equation of mixed ammonium salts leaching rare earth ore is 1 − 2/3η − (1 − η) 2/3 = 7.126 × 10 −4 C 0.3038 R 0.1942 t.
Conclusions
The leaching kinetics of weathered crust elution--deposited rare earth with mixed ammonium salts was investigated. The shrinking core model with inner diffusion control was used to describe the leaching process of rare earth. It was summarized as follows: the leaching rate increases with the increase of leaching reagent concentration and decrease of particle size. The kinetics of weathered crust elution-deposited rare earth leaching equation can be expressed as 1 − 2/3η − (1 − η) 2/3 = 7.126 × 10 −4 C 0.3038 R 0.1942 t.
